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The  effect  of  increasing  the  reaction  temperature  to  300  °C  on  the  activity,  stability  and  deactivation  behav¬ 
ior  of  a  4.5  wt.%  Au/Ce02  catalyst  in  the  water  gas  shift  (WGS)  reaction  in  idealized  reformate  was  studied 
by  kinetic  and  spectroscopic  measurements  at  300  °C  and  comparison  with  previously  reported  data  for 
reaction  at  180 °C  under  similar  reaction  conditions  [A.  Karpenko,  Y.  Denkwitz,  V.  Plzak,  J.  Cai,  R.  Lep- 
pelt,  B.  Schumacher,  R.J.  Behm,  Catal.  Lett.  116  (2007)  105].  Different  procedures  for  catalyst  pretreatment 
were  used,  including  annealing  at  400  °C  in  oxidative,  reductive  or  inert  atmospheres  as  well  as  redox 
processing.  The  formation/removal  of  stable  adsorbed  reaction  intermediates  and  side  products  (surface 
carbonates,  formates,  OHad,  COad)  was  followed  by  in  situ  IR  spectroscopy  (DRIFTS),  the  presence  of  dif¬ 
ferently  oxidized  surface  species  (Au°,  Au°  ,  Au3+,  Ce3+)  was  evaluated  by  XPS.  The  reaction  characteristics 
at  300 °C  generally  resemble  those  at  180  °C,  including  (i)  significantly  higher  reaction  rates,  (ii)  compa¬ 
rable  apparent  activation  energies  (44  ±  1/50  ±  1  kj  mol-1  vs.  40  ±  1  kj  mol-1  at  180  °C),  (iii)  a  correlation 
between  deactivation  of  the  catalyst  and  the  build-up  of  stable  surface  carbonates,  and  (iv)  a  decrease  of 
the  initially  significant  differences  in  activity  after  different  pretreatment  procedures  with  reaction  time. 
Different  than  expected,  the  tendency  for  deactivation  did  not  decrease  with  higher  temperature,  due  to 
enhanced  carbonate  decomposition,  but  increases. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  the  water  gas  shift  (WGS)  reaction  has  attracted 
increasing  interest  because  of  its  potential  application  in  fuel  cell 
technology,  for  the  removal  of  CO  from  H2-rich  feed  gases  for  Poly¬ 
mer  Electrolyte  Fuel  Cells  (PEFCs)  which  are  produced,  e.g.,  by 
steam  reforming  of  organic  fuels  such  as  hydrocarbons  or  methanol 
[1].  CO  acts  as  a  poison  for  fuel  cell  anode  catalysts,  and  its 
concentration  has  to  be  reduced  to  about  10-50  ppm  to  avoid  effi¬ 
ciency  losses  [1-4].  Industrially,  the  WGS  reaction  is  carried  out 
in  two  temperature  ranges:  (i)  as  ‘high-temperature’  shift  reaction 
(320-450  °C)  using  Fe203-Cr203  catalysts  to  obtain  high  rates,  and 
(ii)  as  ‘low-temperature’  shift  reaction  (200-250  °C)  using  copper 
based  catalysts  for  further  lowering  the  CO  content  [5]. 

WGS  catalysts  based  on  ceria  have  been  investigated  in  the 
recent  years  as  alternatives  to  Cu-ZnO  catalyst  for  applications 
for  fuel  processing  [6-8].  Ceria  is  known  as  an  oxygen-storage 
material,  and  Luo  et  al.  found  a  direct  relationship  between  the 
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WGS  activity  and  the  oxygen  storage  capacity  (OSC)  [9].  Especially 
Au/Ce02  catalysts  have  turned  out  as  very  active  catalysts  for  the 
low-temperature  WGS  reaction  [10-21  ].  Because  of  their  high  low- 
temperature  activity,  these  catalyst  can  be  operated  at  even  lower 
temperatures,  which  would  further  reduce  the  steady-state  CO  con¬ 
tent  in  thermodynamic  equilibrium  [5].  The  technical  application 
of  Au/Ce02  catalysts  for  these  purposes  is  hindered,  however,  by 
their  strong  tendency  for  deactivation  during  the  reaction.  In  recent 
studies  from  our  group  as  well  as  from  other  groups  it  was  demon¬ 
strated  that  the  deactivation  is  closely  related  to  the  build-up  of 
stable  monodentate  carbonate  species  rather  than  arising  from  an 
irreversible  sintering  of  the  Au  nanoparticles  [15,19,22,23].  These 
surface  carbonates  may  either  directly  block  active  reaction  sites  or 
the  access  of  reaction  intermediates  to  the  active  sites  [15,17].  Fur¬ 
thermore,  we  could  demonstrate  that  high  temperature  annealing 
in  reactive  gases  such  as  H20  or  02  (400  °C)  can  at  least  temporar¬ 
ily  reduce  the  deactivation  and  restore  the  initial  activity  [19].  This 
was  correlated  with  the  almost  complete  removal  of  the  monoden¬ 
tate  carbonate  species,  further  supporting  the  above  assignment 
of  surface  carbonate  accumulation  as  the  origin  for  deactivation. 
Under  these  conditions,  it  would  be  tempting  to  see  whether  the 
steady-state  concentration  of  surface  carbonates  on  the  Au/Ce02 
catalysts  and  thus  the  deactivation  of  the  catalyst  during  the  WGS 
reaction  could  be  reduced  by  using  higher  reaction  temperatures. 
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Because  of  the  large  differences  in  reaction  conditions  and  catalyst 
properties  in  previous  studies,  it  is  essentially  impossible  to  answer 
this  question  by  comparing  existing  results  on  the  WGS  reaction  on 
Au/Ce02  catalysts. 

In  this  paper,  we  report  results  of  a  study  on  the  activity,  sta¬ 
bility  and  deactivation  behavior  of  Au/Ce02  catalysts  for  the  WGS 
reaction  at  300  °C  reaction  temperature,  as  compared  to  the  previ¬ 
ously  used  180  °C  [15-21  ].  Since  in  these  previous  studies  we  found 
that  the  pretreatment  of  the  catalysts  prior  to  the  reaction  has  con¬ 
siderable  effects  not  only  on  the  activity  of  the  catalyst,  but  also 
on  its  stability  and  deactivation  behavior  [16],  different  catalyst 
pretreatment  procedures  were  employed.  These  included  oxida¬ 
tive,  reductive  or  redox  treatment  as  well  as  thermal  treatment  in 
inert  atmosphere  at  400  °C.  Because  of  the  higher  reaction  tem¬ 
perature  compared  to  our  previous  studies,  pretreatment  at  lower 
temperatures  (200  and  300  °C)  was  not  considered,  since  after  such 
pretreatments  the  catalysts  are  expected  to  change  significantly 
during  the  subsequent  reaction.  The  surface  composition  before 
and  after  the  WGS  reaction  was  evaluated  by  X-ray  photoelectron 
spectroscopy  (XPS).  The  formation  of  reaction  intermediates  and 
side  products  such  as  formates  and  carbonates  during  the  reaction 
was  followed  by  in  situ  diffuse  reflectance  infrared  Fourier  trans¬ 
form  spectroscopy  (DRIFTS).  Comparing  these  data  with  similar 
results  for  a  lower  reaction  temperature  (180  °C)  shall  gain  further 
information  on  the  reaction  and  deactivation  mechanism.  Finally, 
following  previous  strategies  [19,23,24],  we  explored  the  effect  of 
a  subsequent  reactivation  treatment,  after  1000  min  reaction  and 
deactivation,  on  the  catalyst  activity  and  on  its  surface  composition. 
In  addition  to  revealing  possible  strategies  for  reactivation,  this  may 
provide  additional  information  on  the  origin  of  the  observed  deac¬ 
tivation.  Similar  to  the  deactivation  measurements,  variations  in 
the  surface  and  adlayer  composition  were  followed  by  ex  situ  XPS 
and  in  situ  DRIFTS. 

2.  Experimental 

2. 1.  Catalyst  preparation 

The  catalyst  was  prepared  by  a  deposition-precipitation  proce¬ 
dure,  using  Ce02  powder  as  support  (FISA  15  from  Rhodia,  calcined 
in  air  at  400  °C)  and  HAuCl4-4IT20  for  deposition  of  Au.  Further 
details  are  given  in  refs.  [21,25].  The  Au  metal  loading  was  deter¬ 
mined  via  inductively  coupled  plasma  atom  emission  spectroscopy 
(ICP-AES).  All  measurements  were  performed  with  catalysts  hav¬ 
ing  a  BET  surface  of  188  m2  g-1  and  4.5  wt.%  Au  loading.  Before  the 
experiments,  the  catalyst  was  first  heated  in  N2  to  400  °C,  followed 
by  conditioning  in  different  atmospheres  at  400  °C  for  30  min  and 
finally  cooled  down  in  N2  to  the  reaction  temperature.  For  con¬ 
ditioning,  the  catalysts  were  pretreated  by  different  procedures, 
including  (i)  calcination  in  10%  02 ,  rest  N2  (0400),  (ii)  drying  in  inert 
N2  atmosphere  (N400),  (iii)  reduction  in  10%  H2,  rest  N2  (H400)  or 
(iv)  in  2%  CO,  N2  (CO400)  as  well  as  redox  pretreatments,  where  the 
catalyst  was  (v)  first  conditioned  for  30  min  in  10%  FI2,  rest  N2,  then 
30 min  in  10%  02,  rest  N2  (H400/0400)  and  (vi)  first  calcined  for 
30 min  in  10%  02,  N2  then  30  min  in  10%  H2,  rest  N2  (0400/H400). 

2.2.  Catalyst  characterization 

The  chemical  composition  of  the  catalyst  surface  was  character¬ 
ized  by  XPS  (PHI  5800  ESCA  system),  using  monochromatized  Al 
Ka  radiation.  Survey  spectra  were  measured  in  the  range  between 
0  and  1400  eV  binding  energy  (BE).  Detail  spectra  of  gold  (Au(4f)) 
and  cerium  (Ce(3d))  were  measured  in  the  range  from  75  to  100  eV 
and  from  875  to  925  eV  (0.125  eV  and  20  ms  per  step),  respectively. 


Background  subtraction  and  peak  fitting  were  performed  using  a 
public  XPS  peak  fit  program  (XPSPEAK  4.1  by  R.  Kwok).  In  order 
to  remove  surface  charging  effects,  the  BEs  were  calibrated  using 
the  Ce4+  (3d104f°Vn)  signal  at  916.6  eV  as  reference  [21,26].  The 
Au(4f)  peaks  were  fitted  based  on  the  following  assumptions:  (i) 
the  difference  between  Au(4f7/2)  and  Au(4f5/2)  was  fixed  at  3.7  eV, 
(ii)  the  integral  intensity  of  the  Au(4f5/2)  is  three  fourth  of  that  of 
the  Au(4f7/2)  peak  and  (iii)  the  peak  widths  (FWHM)  for  both  peaks 
are  equal  [27].  For  XPS  measurements,  catalyst  conditioning  was 
performed  ex  situ. 

2.3.  Activity  measurements 

Activity  measurements  were  performed  in  a  quartz  tube  micro 
reactor  (i.d.  4  mm)  located  in  a  ceramic  tube  furnace  at  atmospheric 
pressure  with  typically  60-75  mg  diluted  catalyst  powder.  In  order 
to  obtain  differential  reaction  conditions  (conversion  between  5 
and  20%),  the  catalyst  was  diluted  with  a-Al203,  which  is  not  active 
for  the  WGS  reaction  under  the  present  conditions.  All  reaction 
measurements  were  carried  out  in  idealized  reformate  (1%  CO, 
balance  N2  (dry),  2%  FI20,  60  N  ml  min-1)  at  300  °C.  Water  was 
added  to  the  gas  stream  using  a  saturation  unit.  The  incoming  and 
effluent  gas  flows  were  analyzed  by  on-line  gas  chromatography 
(Chrompack  CP9001)  using  FI2  as  a  carrier  gas.  High  purity  gases 
from  Westphalen  (CO  4.7,  N2  6.0,  H2  5.0)  were  used.  Further  details 
on  the  kinetic  measurements  are  given  in  ref.  [28]. 

2.4.  Infrared  measurements 

In  situ  IR  investigations  were  performed  in  a  diffuse  reflectance 
infrared  Fourier  transform  spectroscopy  (DRIFTS)  configuration 
with  a  Magna  560  spectrometer  from  Nicolet,  equipped  with  a  liq¬ 
uid  N2  cooled  MCT  narrow  band  detector  and  a  commercial  in  situ 
reaction  cell  from  Flarricks  (FIV-DR2).  Gas  mixing  was  performed 
in  the  same  way  as  for  the  activity  measurements,  with  a  total  flow 
rate  of  60  N  ml  min-1 .  Typically,  400  scans  (acquisition  time  3  min) 
at  a  nominal  resolution  of  8  cm-1  were  added  for  one  spectrum.  The 
intensities  were  evaluated  in  Kubelka-Munk  units,  which  are  lin¬ 
early  related  to  the  adsorbate  concentration  on  the  catalyst  surface 
[29]  (for  exceptions  see  ref.  [30]).  Normalization  and  background 
subtraction  of  the  spectra  were  performed  by  comparison  with 
spectra  recorded  in  a  flow  of  20  N  ml  N2  (N2-spectra)  at  the  reac¬ 
tion  temperature,  directly  after  catalyst  conditioning.  The  spectra 
recorded  during  reaction  were  first  normalized  to  the  same  back¬ 
ground  intensity  as  that  of  the  N2 -spectra,  and  then  the  latter  ones 
were  subtracted  from  the  reaction  spectra.  If  the  general  shape  of 
the  spectra  changed  during  the  reaction,  normalization  to  similar 
backgrounds  was  made  using  background  intensities  close  to  the 
respective  signal. 

3.  Results  and  discussion 

3.1.  Activity  measurements  and  activation  energy 

First,  we  investigated  the  activity  and  stability  of  the  4.5  wt.% 
Au/Ce02  catalyst  during  1000  min  WGS  reaction  in  idealized  refor¬ 
mate  (1%  CO,  2%  H20  balance  N2)  at  300 °C  after  the  different 
pretreatment  procedures  described  in  Section  2.  The  resulting  ini¬ 
tial  and  final  reaction  rates,  which  differ  significantly  for  the  various 
pretreatments,  are  listed  in  Table  1 .  The  deactivation  behavior  with 
time  is  illustrated  in  Fig.  la. 

The  activities  are  significantly  higher  than  those  reported  in 
previous  studies  for  reaction  at  180  °C  [15,16,19,21],  e.g.,  by  about 
a  factor  of  2.1  for  0400  and  1.3  for  FI400  pretreatment.  Inter¬ 
estingly,  the  catalysts  deactivate  in  a  similar  way  at  the  higher 
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Table  1 

Reaction  rates  during  WGS  reaction  at  300  °C  and  activation  energies  in  idealized  reformate  on  differently  pretreated  4.5  wt.%  Au/Ce02  catalysts 


reaction  temperature  as  at  180  °C  reaction  temperature  [15,16], 
at  least  on  a  qualitative  scale  (largely  exponential  decay,  with  a 
steeper  decay  in  the  beginning).  Both  on  an  absolute  and  on  a 
relative  scale,  however,  the  deactivation  is  more  pronounced  at 
the  higher  reaction  temperature  than  at  the  lower  temperatures. 
Hence,  the  hope  that  higher  reaction  temperature  would  signifi¬ 
cantly  reduce  the  deactivation  is  not  fulfilled.  Similar  to  reaction 
at  180  °C,  the  catalyst  pretreatment  has  considerable  influence 
on  its  activity  and  stability.  After  calcination  at  400  °C,  the  ini¬ 
tial  and  the  steady-state  activity  are  highest;  they  decrease  in 
the  order  0400  >  H400/0400  >  N400  >  C0400  >  0400/H400  >  H400. 
The  long-time  stability  of  the  catalysts  follows  the  reverse  order 
(see  Table  1 ).  Thus,  the  reductive  pretreatments  result  in  more  sta¬ 
ble  catalysts  (lower  deactivation),  while  the  activity  is  highest  for 
the  calcined  catalysts,  both  the  initial  and  the  steady-state  activ¬ 
ity.  The  decreasing  difference  between  the  activities  of  differently 


T'-103/K'' 


Fig.  1.  (a)  Temporal  evolution  of  the  activity  (deactivation)  on  differently  pretreated 
Au/Ce02  catalysts  in  the  WGS  reaction  in  idealized  reformate  (1%  CO,  2%  H20,  rest 
N2)  at  300  °C.  (b)  Arrhenius  plot  of  the  temperature  dependent  reaction  rates  on 
the  differently  pretreated  catalysts  after  1000  min  WGS  reaction  and  subsequent 
measurements  at  the  various  temperatures  (1  h  each).  Pretreatment:  (■)  0400,  (□) 
H400/0400,  (•)  N400,  (O)  C0400,  (a)  0400/H400  and  (A)  H400  (parameters  see 
Section  2.1). 


pretreated  catalysts  indicates  that  with  ongoing  reaction  the  pre¬ 
treatment  induced  differences  in  surface  composition  become  less 
important  and  the  catalyst  surfaces  more  and  more  resemble  each 
other. 

Comparison  of  the  activities  and  the  deactivation  at  300  °C  reac¬ 
tion  temperature  with  previously  reported  results  obtained  under 
similar  reaction  conditions  is  not  possible,  since  most  studies  of 
the  water  gas  shift  reaction  were  performed  at  lower  temperatures 
and/or  in  different  reaction  gas  mixtures  (for  an  overview  see  ref. 
[14]).  Focusing  on  Au/Ce02  catalysts  and  high  reaction  tempera¬ 
tures,  the  following  studies  are  relevant:  Fu  et  al.  [31  ]  determined 
a  comparable  rate  of  4.2  x  10-3  molg^  s-1  at  300  °C,  but  in  a  dif¬ 
ferent,  more  realistic  gas  mixture  (11%  CO,  7%  C02,  26%  H20,  26% 
H2,  4.7  wt.%  Au/Ce02,  calcination  at  400  °C).  Under  these  reaction 
conditions,  they  observed  an  almost  constant  activity  over  120  h 
of  reaction  [31,32].  Similar  findings  were  reported  by  Andreeva  et 
al.,  who  found  their  Au/Ce02  catalysts  to  be  very  stable  during  the 
WGS  reaction  over  a  wide  temperature  range  (reaction  temperature 
140-50 °C,  1-5  wt.%  Au/Ce02,  1  h  reduction  in  1%  H2/Ar  at  100°C, 
gas  mixture  5%  CO,  30%  H20  and  Argon)  [33  ].  They  proposed  that  the 
deactivation  (by  Au  nanoparticle  sintering)  is  counteracted  by  a  re¬ 
dispersion  of  the  Au  particles  (decreasing  particle  size)  during  the 
reaction.  On  the  other  hand,  there  are  a  number  of  studies  reporting 
a  pronounced  deactivation  of  Au/Ce02  or  related  catalysts  during 
the  WGS  reaction  under  comparable  reaction  conditions.  Lueng- 
naruemitchai  et  al.  observed  a  strong  deactivation  (83%)  after  48  h 
WGS  reaction  at  360  °C  in  2%  CO  and  20%  H20  on  a  1  wt.%  Au/Ce02 
catalyst  (calcination  at  500  °C  in  air  for  5h),  while  on  Pt/Ce02  no 
significant  deactivation  was  detected  [34].  Despite  of  the  drastic 
pretreatment  conditions,  the  Au  particles  grew  from  4  to  5.5  nm 
during  the  reaction,  which  was  considered  as  being  responsible  for 
the  deactivation  [34].  A  fast  and  considerable  loss  of  activity  (about 
50%)  was  reported  also  for  reaction  on  a  Au/Ce02  catalyst  at  240  °C 
(10%  CO,  22%  H20,  6%  C02,  43%  H2  and  19%  N2,  5  wt.%  Au/Ce02, 
reduction  in  a  mixture  of  4%  H2/N2  for  4h)  by  Kim  and  Thomp¬ 
son  [22].  These  authors,  however,  attributed  the  deactivation  to  an 
increasing  surface  blocking  by  adsorbed  carbonate  and/or  formate 
species,  which  are  produced  during  WGS  reaction.  This  assign¬ 
ment  is  close  to  the  current  understanding  of  the  deactivation  at 
lower  reaction  temperatures,  which  is  due  to  accumulation  of  stable 
monodentate  surface  carbonate  species  [14-16].  A  very  different 
mechanism  for  deactivation  was  put  forward  by  Zalc  et  al.  for  the 
WGS  reaction  on  a  Pt/Ce02  catalyst  (pre-calcined  at  500  °C,  reaction 
at  250  °C)  [35].  They  proposed  that  an  irreversible  (over)reduction 
of  the  ceria  support  in  the  H2-rich  feed  gases  is  responsible  for  the 
deactivation.  As  mentioned  before,  a  consistent  explanation  of  the 
different  results  is  hardly  possible  because  of  the  pronounced  dif¬ 
ferences  in  the  reaction  conditions  between  these  measurements. 
Au  nanoparticle  sintering,  however,  appears  to  be  questionable  as 
dominant  factor  at  reaction  temperatures  around  300  °C. 

In  our  previous  measurements  on  a  2.7  wt.%  Au/Ce02  at  180  °C 
in  1%  CO,  2%  H20,  N2  for  H400  and  0400  pretreated  samples  [16], 
we  also  obtained  a  higher  activity  on  the  0400  sample,  while  the 
deactivation  in  those  measurements  was  more  pronounced  on  the 
H400  sample.  This  may  indicate  a  different  reaction  mechanism  at 
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low  temperature  (180  °C)  than  at  higher  temperatures  (300  °C).  A 
similar  suggestion  of  a  change  in  dominant  reaction  pathway  upon 
going  to  higher  temperatures  was  made  earlier  already  by  Tibiletti 
et  al.  [14,36].  They  had  proposed  that  the  dominant  reaction  path¬ 
way  for  the  WGS  reaction  on  Au/Ce02  catalysts  (and  previously  also 
for  other  catalysts  such  as  Pt/Zr02  [36])  will  change  with  temper¬ 
ature,  with  the  dominant  reaction  pathway  at  lower  temperatures 
involving  formation  and  decomposition  of  formate,  carbonate  or 
carboxylate  species,  while  for  higher  temperatures,  a  redox  mech¬ 
anism  involving  reduction  and  reoxidation  of  ceria  was  proposed 
to  be  dominant  [14]. 

For  further  information  on  a  possible  change  in  the  dominant 
reaction  pathway  with  temperature,  we  determined  the  apparent 
activation  energies  from  activity  measurements  in  the  temperature 
range  of  250-350  °C  (1  h  at  each  temperature),  after  an  initial  deac¬ 
tivation  run  of  1000  min.  The  temperature  dependent  rates  after 
different  pretreatments  are  shown  in  the  Arrhenius  plot  in  Fig.  lb, 
the  resulting  apparent  activation  energies  are  listed  in  Table  1 .  Most 
of  the  values  are  around  45  ±  2  kj  mol-1 ,  only  for  reductive  pretreat¬ 
ment  somewhat  higher  values  are  obtained  (51  ±1  kjmol-1).  For 
reaction  at  180  °C  under  similar  reaction  conditions,  we  recently 
determined  activation  energies  of  40  ±  2  kj  mol-1  on  1.4-12.6  wt.% 
Au/Ce02  catalysts  (pretreatment  at  200  °C  in  FI2  (FI200),  measure¬ 
ments  in  the  temperature  range  between  80  and  180  °C  in  idealized 
reformate  (1%  CO,  2%  FI20,  N2)  [21  ].  The  differences  in  the  apparent 
activation  energies  at  lower  and  higher  temperatures  are  small,  but 
outside  the  uncertainty  of  the  measurements.  Hence,  these  data  do 
not  provide  clear  evidence  for  a  change  in  mechanism  between  180 
and  300  °C,  but  it  cannot  be  ruled  out  either. 

3.2.  Catalyst  surface  properties  before  and  after  WGS  reaction 

The  chemical  composition  of  the  catalyst  after  different  pre¬ 
treatments  and  after  additional  1000  min  WGS  reaction  was 
characterized  via  the  Au(4f)  and  Ce(3d)  signals.  The  main  XPS 
results  are  listed  in  Table  2,  Au(4f)  spectra  are  plotted  in  Fig.  2. 
For  quantitative  evaluation,  the  XP  spectra  of  the  Au(4f)  signals 
were  fitted  by  three  different  states,  with  BEs  of  84.0,  84.6  and 
85.9 eV,  respectively  [8,31,37,38].  The  first  and  the  last  peaks  are 
assigned  to  Au°  and  Au3+  species  [27,37,39].  A  peak  at  84.6  eV  was 
previously  attributed  to  Au1+  species  [8,31].  As  discussed  in  detail 
elsewhere  [18,40],  we  explain  the  intensity  at  BEs  slightly  above 
the  Au°  peak  by  very  small  neutral  Au  particles,  whose  BE  is  up- 
shifted  due  to  particle  size  effects  (‘final  state  effects’)  [41-43].  For 
a  realistic  particle  size  distribution,  this  would  create  a  sequence  of 
Au(4f)  states,  with  the  BE  varying  with  Au  particle  size.  For  prac¬ 
tical  purposes  (and  because  of  the  unknown  distribution  of  BEs), 
the  resulting  intensity  distribution  is  described  by  a  single  peak  of 
adjusted  peak  width  (Au0'  peak).  One  should  keep  in  mind,  how¬ 
ever,  that  because  of  the  variations  in  particle  size  distributions 
after  different  pretreatments  or  after  reaction  this  can  only  be  an 
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Fig.  2.  XP  spectra  of  the  Au(4f)  region  of  a  4.5  wt.%  Au/Ce02  catalyst  recorded  after 
pretreatment  (left  panel)  and  after  1000  min  WGS  reaction  in  idealized  reformate 
at  300  °C  (right  panel).  Pretreatment:  (a)  0400,  (b)  H400/0400,  (c)  N400,  (d)  CO400 
(e)  0400/H400  and  (f)  H400  (parameters  see  Section  2.1). 


approximate  description  of  the  contribution  from  very  small  Au 
nanoparticles. 

After  oxidative  pretreatment  (0400),  the  XP  spectra  (Fig.  2, 
left  panel)  show  the  highest  amount  of  Au3+,  it  decreases  in 
the  order  0400  >  H400/0400  >  N400  >  0400/H400  >  H400  >  C0400. 
Also  the  Au0'  contribution  follows  this  order.  As  expected,  the 
reductive  pretreatment  leads  to  stronger  reduction  and  Au° 
formation  than  purely  thermal  treatment  or  even  oxidative 
treatment.  Accordingly,  the  Au°  content  decreases  in  the  order 
C0400  >  H400  >  0400/H400  >  N400  >  H400/0400  >  0400.  For  Ce3+, 
the  differences  are  much  smaller,  but  follow  the  same  tendency  as 
observed  for  Au°. 


Table  2 

Catalyst  properties  of  a  4.5  wt.%  Au/Ce02  catalyst  after  different  pretreatment  procedures,  after  1000  min  WGS  reaction,  and  before/after  reaction  of  a  0400  (H400)  pretreated 
catalyst  by  an  0400  (H400)  reactivation  procedure 


Catalyst  treatment 

Au°  (%) 

Au0'  (%) 

Au3+  (%) 

Ce3+  (%) 

W(4f)/Jce(3d) 

XRD  Au(  1 1 1)  (nm) 

Before 

After 

Before 

After 

Before 

After 

Before 

After 

Before 

After 

Before 

After 

0400 

35 

88 

45 

4 

20 

8 

21 

23 

0.08 

0.06 

2.9  ±1.0 

3.6  ±1.0 

H400/0400 

43 

87 

41 

8 

16 

6 

25 

25 

0.08 

0.04 

NM 

NM 

N400 

53 

89 

33 

3 

15 

8 

23 

26 

0.06 

0.06 

NM 

NM 

CO  400 

89 

92 

0 

3 

11 

6 

25 

27 

0.06 

0.06 

NM 

NM 

0400/H400 

54 

78 

33 

14 

13 

8 

23 

25 

0.08 

0.04 

NM 

NM 

H400 

73 

81 

16 

14 

11 

6 

24 

25 

0.07 

0.06 

2.6  ±1.0 

3.2  ±1.0 

0400  reactivation 

88 

67 

4 

17 

8 

16 

23 

24 

0.06 

0.06 

NM 

NM 

H400  reactivation 

81 

79 

14 

13 

6 

8 

25 

25 

0.06 

0.05 

NM 

NM 
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The  ratio  of  the  Au  and  Ce  related  intensities,  the  /Au(4f)/^ce(3d) 
ratio,  contains  information  on  the  Au  particle  size.  The  resulting 
values  and,  where  available,  also  the  results  from  XRD  measure¬ 
ments,  are  listed  in  Table  2.  After  pretreatment  in  02  (0400)  or 
H2  (H400),  we  obtain  almost  similar  values  of  0.08  or  0.07  ±  0.01 
for  this  ratio,  indicating  similar  Au  particle  sizes  after  the  two 
procedures.  This  qualitative  conclusion  is  confirmed  by  XRD  mea¬ 
surements,  which  show  comparable  Au  particle  sizes  after  0400 
(2.9±1.0nm)  and  H400  (2.6±1.0nm)  pretreatment.  The  values 
after  N400  and  C0400  pretreatment  (0.06  ±  0.01 )  are  slightly  lower, 
but  the  difference  to  the  other  values  is  still  within  the  experimen¬ 
tal  limit.  Hence,  based  on  the  present  data,  we  have  no  indication 
for  significant  differences  in  the  Au  particle  sizes  after  the  different 
pretreatment  procedures.  In  earlier  XPS  and  XRD  measurements  on 
comparable  2.7  wt.%  Au/Ce02  catalysts  after  reductive  and  oxida¬ 
tive  pretreatment,  we  found  that  for  200  °C  pretreatment  the 
reductive  processing  leads  to  larger  particles  sizes  compared  to 
oxidative  pretreatment,  while  for  pretreatment  at  400  °C  the  parti¬ 
cle  sizes  were  rather  similar  [16]. 

The  influence  of  the  different  pretreatments  on  the  nature  and 
abundance  of  adsorbed  species  was  investigated  by  in  situ  DRIFTS 
measurements.  Spectra  recorded  in  N2  at  300  °C  directly  after  cat¬ 
alyst  conditioning  are  shown  in  Fig.  3.  (Note  that  the  spectra  are 
rescaled  to  similar  background  intensity  to  remove  effects  due  to 
changes  in  the  reflectivity.)  Most  obvious  are  the  differences  in  the 
OH  stretch  and  in  the  OCO  bending  vibration  regions.  In  the  OH 
region,  all  spectra  exhibit  three  peaks  at  3520, 3735  and  3631  cm-1 , 
which  were  assigned  to  monodentate  and  tridentate  OHad  groups 
on  ceria  [44].  After  reductive  pretreatments,  an  additional  peak 
at  3649  cm-1  appears.  This  signal  was  previously  attributed  to 
bridged  OHad  groups  [45,46].  Since  it  was  also  observed  after  C0400 
treatment,  where  additional  hydrogen  uptake  is  impossible,  OHad 
species  with  similar  vibrational  properties  can  be  generated  also  by 
modification  of  existing  OHad  species  due  to  ceria  surface  reduction. 
From  the  present  data  we  cannot  decide,  however,  whether  the  for¬ 
mation  of  these  OHad  species  is  strictly  related  to  the  reduction  of 
the  surface  or  whether  it  can  be  generated  also  on  non-reduced 
surface  areas  under  reaction  conditions  if  hydrogen  or  water  are 
present.  (Note  that  the  signals  in  the  C-H  region  (2700-3000  cm-1 ), 
normally  indicative  of  adsorbed  formates,  are  caused  by  contami¬ 
nants  on  the  IR  mirrors.) 

Independent  of  the  pretreatment,  bands  in  the  range  between 
1250  and  1550  cm-1  show  characteristic  features  for  carbonate 


Fig.  3.  DRIFT  spectra  (raw  data,  normalized  to  the  same  reflectivity)  of  the  Au/Ce02 
catalysts  recorded  in  N2  at  300  °C  after  different  pretreatments:  (a)  C0400,  (b)  H400, 
(c)  0400/H400,  (d)  N400  (e)  H400/0400  and  (f)  0400  (parameters  see  Section  2.1). 


species  (Fig.  3),  which  due  to  the  absence  of  CO  or  C02  in  the 
pretreatment  atmosphere  must  be  present  on  the  catalyst  already 
prior  to  conditioning  [47].  Complete  removal  of  these  carbonate 
species  from  ceria  surfaces  by  thermal  decomposition  was  reported 
to  require  temperatures  up  to  1000 °C  [48],  which  in  the  presence 
of  Au  may  be  somewhat  lower  [17,49].  On  all  samples,  we  find 
a  dominant  peak  at  ~1454cm-1,  which  was  assigned  previously 
to  a  not  further  specified  ‘bulk  carbonate’  [50,51].  An  additional 
peak,  which  appears  at  ~1368  cm-1  after  reductive  conditioning 
and  at  ~1385cm-1  after  oxidative  pretreatment  or  drying  in  N2, 
was  assigned  to  monodentate  carbonate  species  [45].  Finally,  a 
weak  feature  is  resolved  at  ~1550cm-1  in  the  intensity  decay 
below  1600  cm-1,  which  was  attributed  to  an  unspecified  carbon¬ 
ate  species  [52].  A  feature  in  this  frequency  is  likely  to  exist  also  on 
the  reductively  pretreated  catalysts,  but  it  cannot  be  resolved  from 
the  decaying  background.  Comparable  spectra  were  observed  also 
by  Karpenko  et  al.  [16]. 

In  the  COad  region,  a  peak  at  2118  cm-1  obtained  after  reductive 
treatments  (H400,  0400/H400  and  C0400)  is  related  to  an  elec¬ 
tronic  excitation  from  donor  levels  located  near  the  conduction 
band  such  as  Ce3+  or  oxygen  vacancies  [50,53,54].  Two  additional 
bands  at  2080  and  2176  cm-1,  which  appear  after  conditioning  in 
CO  atmosphere  at  400  °C,  are  related  to  CO  adsorbed  on  nega¬ 
tively  charged  Au5-  species  [20,55]  and  on  Ce4+  ions  [52,56-58]. 
The  Au5-  species  are  created  by  an  electron  transfer  from  oxygen 
vacancies  on  the  partly  reduced  support  surface  to  the  Au  particles 
[20,55]. 

In  total,  the  data  are  in  good  agreement  with  previous  mea¬ 
surements  in  our  group  on  a  2.7  wt.%  Au/Ce02  catalyst  [16].  As 
expected,  most  H20  is  present  after  H2  reductive  pretreatment; 
most  likely  this  is  true  also  for  OHad  species,  although  these  inten¬ 
sities  are  hard  to  quantify  because  of  the  overlap  with  the  water 
signal  at  ~3300-3500  cm-1 .  On  the  other  hand,  the  content  of  sur¬ 
face  carbonates  is  highest  after  C0400  pretreatment.  The  carbonate 
positions  differ  for  the  reductive  and  oxidative  pretreatment  or 
drying  at  400  °C,  and  oxidative  pretreatment  increases  the  carbon¬ 
ate  decomposition.  This  latter  result  agrees  well  with  the  observed 
higher  initial  activity  of  oxidatively  pretreated  catalysts  (less  sur¬ 
face  carbonates). 

Reaction  induced  changes  in  surface  composition 

The  differences  in  surface  composition  observed  after  the  differ¬ 
ent  pretreatment  procedures  are  still  present  also  after  1000  min 
reaction,  but  they  are  much  less  pronounced.  This  confirms  our 
previous  tentative  conclusion,  that  with  ongoing  exposure  to  the 
reaction  atmosphere,  the  pretreatment  related  differences  in  cata¬ 
lyst  surface  composition  disappear  increasingly.  The  catalysts  more 
and  more  resemble  each  other,  as  it  was  indicated  already  by  the 
decreasing  differences  between  initial  and  steady-state  activity 
(see  above).  The  contributions  from  the  different  Au  species  and 
from  Ce3+  are  listed  in  Table  2,  Au(4f)  detail  spectra  are  plotted  in 
Fig.  2  (right  panel).  In  all  cases,  the  reaction  atmosphere  and  the 
high  reaction  temperature  have  a  reducing  effect  on  the  Au/Ce02 
catalyst.  This  is  reflected  by  a  pronounced  increase  of  the  Au°  con¬ 
tribution,  except  for  the  H400  and,  even  more  clearly,  for  the  C0400 
sample,  where  this  component  was  dominant  already  after  pre¬ 
treatment.  Interestingly,  the  two  H2  treated  samples,  H400  and 
0400/H400,  have  a  markedly  higher  Au°  contribution  after  reac¬ 
tion  than  all  other  samples,  while  the  Au3+  content  after  reaction  is 
about  similar  for  all  catalysts.  The  Ce3+  content  increased  slightly  for 
all  catalysts,  independent  of  pretreatment.  Because  of  their  small 
extent,  on  the  order  of  1-2%,  the  changes  would  be  negligible,  if 
they  were  not  positive  for  all  samples. 

During  the  WGS  reaction,  the  /Au(4f)/Jce(3d)  ratio  decreased 
slightly,  with  the  reaction  induced  change  in  intensity  ratio 
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decreasing  in  the  order  0400  =  H400>H400/0400  =  0400/H400> 
0400  >  H400  >  N400  =  C0400  =  0.  Also  in  this  case,  the  changes  are 
often  within  the  limits  of  resolution.  Since  in  all  cases  the  reaction 
results  in  a  decrease  of  this  value,  we  consider  these  changes  nev¬ 
ertheless  to  be  significant.  They  point  to  a  slight  reaction  induced 
decrease  of  the  Au  dispersion,  equivalent  to  a  similarly  small 
increase  of  the  mean  Au  particle  size.  This  is  confirmed  by  XRD  mea¬ 
surements  for  the  0400  and  H400  samples,  which  yield  an  increase 
of  the  mean  Au  particle  size  from  2.9  to  3.6  nm  (0400)  and  from  2.6 
to  3.2  nm  (H400)  (in  all  cases  ±  1  nm).  The  small,  but  not  negligi¬ 
ble  increase  in  Au  particle  size  during  1000  min  of  reaction  differs 
from  our  findings  for  reaction  at  180  °C,  where  changes  in  particle 
size  were  essentially  absent  [19].  On  a  quantitative  scale,  however, 
the  changes  in  Au  dispersion  during  the  reaction  are  too  low  to 
contribute  significantly  to  the  observed  rapid  deactivation  of  the 
catalysts  during  reaction. 

3.3.  Accumulation  of  adsorbed  reaction  intermediates  during  the 
WGS  reaction 

The  accumulation  of  adsorbed  reaction  intermediates  and  side 
products  during  the  WGS  reaction  on  the  differently  conditioned 
catalysts,  under  similar  conditions  as  applied  for  the  activity  mea¬ 
surements  (1%  CO,  2%  H20,  rest  N2,  at  300  °C),  was  followed  by  in 
situ  IR  spectroscopy  (DRIFTS)  measurements.  Sequences  of  spec¬ 
tra  recorded  during  reaction  are  presented  in  Fig.  4a-f.  Each  set  of 
spectra  shows  the  entire  spectrum  (bottom)  as  well  as  details  of  the 
C0ad/C02  region  (middle  left),  of  the  OCO  region  (middle  right),  of 
the  O-H  region  (top  left)  and  of  the  C-H  region  (top  right).  Indepen¬ 
dent  of  the  pretreatment,  the  same  characteristic  features  develop 
during  reaction.  For  a  quantitative  evaluation  of  the  reaction 
induced  modifications  in  the  adlayer,  we  plotted  in  Fig.  5  the  inte¬ 
grated  peak  intensities/heights  of  the  C02  peak  at  2363/2331  cm-1 
(peak  intensity),  the  bidentate  formate  peak  at  2828-2833  cm-1 
(peak  height)  and  of  several  peaks  in  the  OCO  bending  region 
(peak  heights)  as  a  function  of  time.  The  latter  group  included 
the  bidentate  carbonate  related  peak  at  1281 -1310  cm-1,  a  mon- 
odentate  carbonate  related  peak  at  1397-1405  cm-1  (reductive 
pretreatment)/1368-1372  cm-1  (oxidative  or  N2  pretreatment), 
the  carbonate  related  peak  at  1520-1522  (oxidative  or  N2  pre¬ 
treatment)/ 1540  cm-1  (reductive  pretreatment)  and  finally  the 
formate  related  peak  at  1582-1590 cm-1  [52].  Also  these  data 
were  corrected  for  reaction  induced  changes  in  the  reflectiv¬ 
ity. 

OH  region 

The  different  peaks  in  this  range  (3588,  3630,  3670  and 
3649  cm-1)  were  assigned  already  in  the  last  section  (see  also 
ref.  [21]).  On  the  reductively  pretreated  catalysts,  no  new  peaks 
appear  during  the  reaction,  only  the  intensities  of  the  different  OHad 
species  change  slightly  with  time.  On  the  oxidatively  pretreated  or 
dried  samples,  the  peak  at  3649  cm-1 ,  which  was  not  present  after 
pretreatment,  develops  at  the  beginning  of  the  reaction.  This  peak 
was  assigned  to  a  bridged  OHad  group,  which  is  considered  as  educt 
for  formate  formation  [21,46,59].  Its  intensity  decreases  slightly 
during  the  reaction,  with  little  difference  between  the  different 
pretreatments. 

CH  region 

The  peaks  in  this  range  are  related  to  C-H  vibrations  of 
different  surface  formate  species,  including  bidentate  formates 
(2828-2833  cm-1)  and  bridged  formate  (2941cm-1)  as  well 
as  a  controversially  assigned  formate  species  with  a  signal 
(shoulder)  at  2875  cm-1  [47].  These  C-H  signals  are  accompa¬ 


nied  by  OCO  bending  vibrations  at  ~1590cm-1  (antisymmetric) 
and  1373  (symmetric)  on  the  differently  pretreated  catalysts 
[45,47].  During  the  reaction,  the  intensity  of  the  bidentate  for¬ 
mates  increases  in  the  beginning  of  the  reaction  and  starts  to 
decrease  after  1-10  min  reaction,  independent  of  the  pretreatment. 
Higher  intensities  were  observed  after  reductive  pretreatment, 
lower  ones  after  pretreatment  in  oxidative  or  inert  atmo¬ 
sphere,  indicating  a  faster  formate  decomposition  in  the  latter 
cases. 

OCO  bending  region 

The  signals  in  the  OCO  region  (1200-1600cm-1 ),  which  vary 
for  the  different  pretreatments  (see  last  section),  overlap  con¬ 
siderably.  On  the  reductively  pretreated  catalysts,  peaks  related 
to  carbonates  appear  at  1540  (carbonate),  1397-1405  (monoden- 
tate  carbonate)  and  1291  cm-1  (bidentate  carbonate).  The  first 
two  peaks  grow  rapidly  in  intensity  at  the  beginning  of  the 
reaction,  until  after  30  min  the  further  increase  is  significantly 
slower.  The  bidentate  carbonate  signal  also  increases  rapidly  in 
intensity,  but  passes  through  a  maximum  after  30  min  and  then 
decreases  again.  (Note  that  the  peak  at  1397-1405  cm-1  existed 
already  before  reaction;  see  Fig.  3.)  It  is  not  visible  in  the  first 
spectrum  since  it  is  comparable  to  the  background  spectrum 
which  was  subtracted  from  the  reaction  spectra.)  For  the  catalyst 
pretreated  in  oxidative  or  inert  atmosphere,  the  peak  positions 
are  slightly  different  (carbonate  at  1522  cm-1,  monodentate  car¬ 
bonate  at  1368  cm-1,  bidentate  carbonate  1302-1310  cm-1 ).  The 
behavior  of  the  carbonate  and  bidentate  carbonate  intensity  with 
time  resembles  that  on  the  reductively  pretreated  catalyst,  while 
for  the  monodentate  carbonate  signal  the  intensity  is  signifi¬ 
cantly  higher  than  on  the  latter  catalysts.  The  peak  at  1454  cm-1, 
which  is  dominant  before  reaction  on  all  catalysts  (see  Fig.  3), 
does  not  seem  to  change  in  intensity  during  the  reaction.  At 
least,  this  cannot  be  resolved  from  the  strong  increase  of  the 
carbonate  signals  at  1368-1405  cm-1  and  1522-1540  cm-1 ,  respec¬ 
tively. 

C0ad/C02  region 

In  the  COad  region  (2000-2200  cm-1),  a  peak  at  2117  cm-1 
appears  after  oxidative  pretreatment,  which  is  usually  related  to 
CO  adsorbed  on  Au  [60-62].  Alternatively,  this  peak  could  also 
be  related  to  an  electronic  transition  from  donor  levels  located 
near  the  conduction  band  such  as  Ce3+  or  oxygen  vacancies  [53], 
as  it  was  observed  after  reductive  pretreatment  (Fig.  3).  In  view 
of  the  H20  content  in  the  reaction  atmosphere,  however,  this  is 
unlikely.  The  signals  initially  increase  in  intensity  for  the  first  5  min, 
and  then  remain  about  constant.  Because  of  the  high  temperature, 
the  steady-state  coverage  and  hence  also  the  IR  intensity  are  very 
low  throughout  the  reaction.  On  the  reductively  pretreated  cata¬ 
lysts,  the  COad  signal  was  almost  absent.  This  can  be  explained  by 
two  counteracting  effects,  the  removal  of  the  peak  visible  in  the 
spectra  in  Fig.  3,  which  was  related  to  an  electronic  transition  as 
described  above,  in  the  reaction  atmosphere,  and  the  build-up  of 
the  COad  related  peak.  Looking  at  the  intensities  in  Fig.  3  and  in 
the  COad  peaks  on  oxidatively  pretreated  catalysts,  these  contri¬ 
butions  should  almost  cancel  out,  which  is  indeed  the  case.  After 
C0400  conditioning,  negative  peaks  at  2072  and  2178  cm-1  reflect 
the  partial  removal  of  adsorbed  CO  during  the  WGS  reaction  (see 
also  Section  3.2). 

The  C02  related  intensity,  which  is  coupled  with  the  C02  forma¬ 
tion  and  hence  the  activity  of  the  catalyst,  follows  similar  trends  as 
the  activities  determined  in  the  kinetic  measurements  (Fig.  1).  It  is 
highest  after  0400  pretreatment,  and  decreases  in  the  same  order: 
0400  >  H400/0400  >  N400  >  C0400  >  0400/H400  >  H400  (Fig.  4). 
The  relative  decay  of  the  C02  intensity  after  1000  min  reaction,  by 
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Fig.  4.  Sequence  of  DRIFT  spectra  recorded  during  1000  min  WGS  reaction  in  idealized  reformate  at  300  °C  on  a  4.5  wt.%  Au/Ce02  catalyst  after  different  pretreatments:  (a) 
0400,  (b)  H400/0400,  (c)  N400,  (d)  CO400  (e)  0400/H400  and  (f)  H400  (parameters  see  Section  2.1 ).  The  IR-regions  are  displayed  in  the  following  order  from  bottom  to  top: 
full  spectrum  (bottom),  OCO  region  (middle  left),  COad/C02  region  (middle  right),  C-H  region  (top  left)  and  O-H  region  (top  right).  The  spectra  displayed  are  recorded  after 
24  s,  48  s,  1  min,  5  min,  10  min,  30  min,  60  min,  120  min,  360  min,  600  min  and  1020  min. 


33%  and  by  15%  after  0400  and  H400,  respectively,  is  lower  than  the 
observed  deactivation  in  Fig.  1  a  (deactivation  by  73%  after  0400  and 
by  43%  after  H400),  but  the  trends  are  comparable.  The  quantita¬ 
tive  differences  are  presumably  related  to  the  fact  that  in  the  DRIFTS 
measurements  the  conversions  are  higher  [40]. 

Comparing  our  results  with  the  reaction  at  180  °C  shows  that 
the  relative  temporal  evolution  of  the  OH,  formate,  carbonate  and 
C02  intensity  is  similar  in  both  cases.  The  absolute  intensities 


of  the  C02  signal  are  even  higher  compared  to  the  reaction  at 
180  °C  [15,16],  while  the  formate  intensity  is  lower,  which  fits  well 
to  the  higher  activity  at  300  °C.  The  absolute  carbonate  inten¬ 
sity  is  higher  after  reaction  at  300  °C  than  after  180  °C  reaction 
[15,16].  The  decrease  of  the  bidentate  formate  intensity  after  pass¬ 
ing  through  an  initial  maximum,  independent  of  the  pretreatment, 
as  well  as  its  correlation  with  the  activity  for  C02  formation  - 
the  highest  intensity  was  observed  after  reductive  pretreatment 
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Fig.  5.  Time  evolution  of  the  integrated  intensities  (after  normalization  to  different  reflectivities  and  background  subtraction)  of  different  peaks  in  the  DRIFT  spectra 
in  Fig.  4  during  WGS  reaction  in  idealized  reformate  on  differently  pretreated  4.5wt.%  Au/Ce02  catalysts  at  300  °C.  (a)  CO2  intensity  (2332/2363  cm-1 ),  (b)  bidentate 
formate  intensity  (2832  cm-1),  (c)  bidentate  carbonate  intensity  (1281 -1310  cm-1,  peak  height),  (d)  monodentate  carbonate  intensity  (1397-1405  cm-1  after  reductive 
pretreatment/1368-1372  cm-1  after  oxidative  and  N2  pretreatment,  peak  height),  (e)  carbonate  peak  (1520-1522  cm-1  after  oxidative  and  N2  pretreatment/1540  cm-1  after 
reductive  pretreatment);  (f)  formate  related  intensity  (1582-1590  cm-1,  peak  height).  The  respective  pretreatments  are  given  in  the  figure. 


and  the  lowest  after  pretreatment  in  oxidative  or  inert  atmosphere 
-  indicate  a  close  connection  between  bidentate  formate  forma¬ 
tion/decomposition  and  CO2  formation  in  the  latter  cases.  This 
agrees  well  with  our  earlier  proposal  of  bidentate  formate  species 
acting  as  reaction  intermediates  in  the  dominant  reaction  pathway 
and  their  decomposition  as  rate  limiting  step  for  the  WGS  reaction 
at  180  °C  [21].  Furthermore,  the  intensities  of  bidentate  carbon¬ 
ates  decrease,  while  those  of  the  other  stable  carbonates,  which 
were  associated  with  the  catalyst  deactivation  [15,16],  increase  with 
time  for  all  catalysts.  These  trends  further  support  our  earlier  con¬ 
clusions  that  the  general  characteristics  of  the  WGS  reaction  on 
Au/Ce02  catalysts  do  not  change  between  180  and  300  °C. 

Comparing  the  IR  data  and  the  activity  measurements  on  the  one 
hand  with  the  variation  of  the  chemical  state  of  Au  on  the  differently 
conditioned  catalysts  on  the  other  hand  shows  no  clear  correlation. 
The  highest  initial  activity  was  observed  with  the  highest  amount 
of  Au3+  and  Au0\  Fu  et  al.  [8,31]  proposed  that  the  activity  corre¬ 
late  with  Au1+  species,  while  Au°  act  only  as  spectator.  Note  that 
this  Au1+  peak  at  about  0.6  eV  up-shifted  BE  compared  to  metal¬ 
lic  Au,  is  identical  to  the  Au°;  peak.  Based  on  measurements  on 
Au  leached  Au/Ce02  catalysts,  Karpenko  et  al.  proposed  that  the 
Au3+  species  and  the  small  AuQ/  Au  particles  are  highly  active  for 
formate  formation,  while  the  Au°  particles  were  more  active  for  for¬ 
mate  decomposition  [18].  Following  that  scheme,  we  would  expect 
a  lower  formate  formation  rate  and  a  higher  formate  decomposition 
rate  and  hence  a  lower  formate  coverage  after  reductive  treatment 
compared  to  an  oxidatively  pretreated  catalyst,  which  is  opposite 


to  our  findings.  With  ongoing  WGS  reaction,  the  difference  in  abun¬ 
dance  of  the  different  Au  states  between  the  differently  pretreated 
catalysts  decreases,  after  1000  min  mainly  metallic  Au°  (78-92%)  is 
present.  Accordingly,  the  rate  for  formate  decomposition  should  go 
up,  resulting  in  a  lower  steady  state  formate  coverage,  in  agreement 
with  observations. 

Finally,  the  close  correlation  between  catalyst  deactivation, 
decreasing  C02  related  IR  signal  and  increasing  monodentate  car¬ 
bonate  related  IR  intensity,  which  is  independent  of  the  catalyst 
pretreatment,  indicates  that  the  deactivation  is  related  to  and  pre¬ 
sumably  caused  by  the  build-up  of  stable  (monodentate)  surface 
carbonate  species  with  time.  This  agrees  fully  with  previous  results 
for  reaction  at  180  °C,  where  monodentate  surface  carbonates  were 
identified  as  main  cause  of  catalyst  deactivation  [15,19,22,23].  The 
build-up  of  stable  surface  carbonates  can  (i)  block  active  sites  for 
reaction  intermediate  (formate)  formation  and/or  decomposition 
and/or  (ii)  block  the  access  of  adsorbed  reaction  intermediates  (for¬ 
mates)  to  the  active  sites  [15,17]. 

3.4.  Reactivation  oftheAu/Ce02  catalyst 

Further  information  on  the  physical  origin  of  the  catalyst  deac¬ 
tivation  in  the  WGS  reaction  can  be  obtained  from  reactivation 
experiments  [19,23,24].  If  the  formation  of  adsorbed  carbonate 
species  on  the  catalyst  were  the  main  reason  for  the  deactivation 
during  the  WGS  reaction,  as  it  was  proposed  in  several  studies 
[15,19,22,23],  it  should  be  possible  to  at  least  partly  recover  the 
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initial  activity  by  thermal/thermochemical  decomposition  of  the 
carbonate.  This  can  be  done,  e.g.,  by  reaction  with  02  or  water 
at  elevated  temperatures  [15,19,22,24],  or  by  heating  in  N2  up  to 
500  °C  [23].  In  this  section,  we  study  the  effect  of  reactivating  the 
Au/Ce02  catalysts  after  1000  min  reaction,  employing  the  pretreat¬ 
ment  process  also  for  reactivation.  Since  the  differences  in  the 
chemical  composition,  activity/stability  and  formation  of  adsorbed 
surface  species  were  largest  between  oxidative  (0400)  and  reduc¬ 
tive  (H400)  pretreatment,  respectively,  we  used  these  procedures 
for  pretreatment  and  for  reactivation. 

Fig.  6  shows  the  evolution  of  the  WGS  reaction  rates  on  both 
catalysts  before  and  after  reactivation.  For  better  comparison,  the 
curves  were  normalized  to  the  respective  initial  activities  (r0)  after 
16  min  reaction.  The  initial  activity  of  the  0400  pretreated  cata¬ 
lyst  could  be  restored  almost  completely  (95%)  by  re-oxidation  for 
30  min  in  10%  02/N2  at  400  °C.  After  reactivation,  the  reaction  rate 
decayed  with  time  in  the  same  way  as  it  was  observed  for  the 
freshly  prepared  catalyst  in  the  initial  phase  of  the  WGS  reaction. 
For  H400  reactivation  (30  min  in  10%  H2/N2  at  400  °C)  of  a  FI400 
pretreated  catalyst,  the  results  are  markedly  different.  Reactivation 
effects  are  hardly  visible.  After  reactivation,  the  activity  was  close  to 
that  measured  after  1000  min  WGS  reaction,  and  also  the  further 
decay  followed  closely  that  extrapolated  from  the  first  1000  min 
reaction  for  longer  times.  This  result  of  a  drastic  reactivation  effect 
upon  annealing  in  02  containing  atmosphere  (0400  pretreated  cat¬ 
alyst)  and  little  effect  for  reductive  treatment  (FI400  pretreated 
catalyst)  agrees  closely  with  our  results  obtained  for  reactivation  of 
Au/Ce02  catalysts  deactivated  during  reaction  at  180  °C  [19],  which 
also  points  to  a  similar  physical  origin  for  deactivation  at  the  two 
reaction  temperatures. 

The  results  of  XPS  measurements  performed  directly  after 
reconditioning  are  summarized  in  Table  2.  Within  the  precision 
of  the  measurements,  the  intensity  of  the  Ce3+  species  remained 
constant  for  both  the  FI400  and  the  0400  reactivated  catalyst.  This 
underlines  that  the  slight  increase  of  the  Ce3+  intensity  during  the 
WGS  reaction  is  not  a  major  cause  for  the  deactivation,  in  contrast  to 
a  deactivation  mechanism  based  on  the  overreduction  of  the  sup¬ 
port,  which  was  proposed  for  the  deactivation  of  Pd/Ce02  catalysts 
during  the  WGS  reaction  [35].  For  Au  species,  the  effect  of  reactiva¬ 
tion  is  more  pronounced,  at  least  for  0400  reactivation.  In  that  case, 
the  Au°  content  decreases  from  88%  (after  1000  min  reaction)  to 
67%  (after  reactivation),  while  the  Au0'  and  Au3+  contents  increase 
accordingly,  from  4  to  17%  (Au0')  and  from  8  to  16%  (Au3+).  Hence, 


Fig.  6.  Relative  reaction  rate  (r/r0),  where  r0  denotes  the  initial  reaction  rate 
recorded  after  16  min  WGS  reaction,  on  a  4.5wt.%  Au/Ce02  catalyst  at  300  °C  in 
idealized  reformate  after  reductive  (A,  H400)  and  oxidative  (■,  0400)  pretreatment 
over  1000  min  reaction  time,  subsequent  reactivation  applying  the  same  procedure 
as  used  for  conditioning  before,  and  further  WGS  reaction  up  to  1400  min. 


a  fraction  of  the  Au  nanoparticles  are  dispersed  under  reactivation 
conditions  to  substitutional  Au3+  [63]  and  small  Au  clusters  (see 
above).  On  the  other  hand,  for  H400  reactivation,  the  changes  in  the 
distribution  of  Au  species  are  rather  small.  Finally,  the  /Au(4f)/^ce(3d) 
ratio  is  comparable  to  that  before  reactivation,  with  values  of  0.06 
and  0.05  after  0400  and  H400  reactivation,  respectively.  This  latter 
result  provides  further  evidence  for  our  conclusions  that  also  for 
reaction  at  300  °C  Au  particle  sintering  plays  only  a  minor  role  for 
the  deactivation  of  Au/Ce02  catalysts. 

To  further  investigate  the  effect  of  catalyst  regeneration  on  the 
adsorbed  species  present  on  the  catalyst  surface  after  1000  min 
WGS  reaction,  we  performed  DRIFTS  measurements  during  the 
reaction,  before  and  after  the  0400  and  H400  reactivation,  respec¬ 
tively.  (Note  that  during  reactivation  at  400  °C  the  intensity  of  the 
spectra  is  too  low  for  meaningful  measurements  because  of  the 
reduced  reflectivity.)  Time  sequences  of  selected  spectra  are  shown 
in  Fig.  7,  with  0400  reactivation  in  the  left  panels  and  H400  reac¬ 
tivation  in  the  right  panels.  From  top  to  bottom,  the  panels  show 
details  of  the  OCO  region,  of  the  C0ad/C02  region  and  of  the  CH 
region.  The  effect  of  the  reactivation  procedure  is  visible  by  compar¬ 
ing  the  first  spectrum  (last  spectrum  before  reactivation)  and  the 
second  spectrum  (first  spectrum  after  reactivation,  started  before 
the  reaction  atmosphere  has  reached  the  DRIFTS  cell  (Os)).  This 
comparison  shows  that  independent  of  the  reactivation  procedure, 
all  formate  species  and  of  course  also  the  COad  and  C02  species 
disappeared  upon  reactivation.  For  surface  carbonate  species  (OCO 
region),  the  situation  is  different.  These  are  completely  removed 
after  0400  reactivation,  with  the  intensity  decreasing  to  the  initial 
intensity  on  a  freshly  conditioned  catalyst.  For  H400  reactivation, 
the  formate  (~1580cm-1)  and  bidentate  carbonate  (1294  cm-1) 
related  peaks  disappear  or  decrease  in  intensity,  while  the  mon- 
odentate  carbonate  related  intensity  at  ~1405cm-1  decreased  by 
60%.  It  should  be  noted  that  the  carbonate  coverage  and  the  WGS 
activity  are  not  necessarily  linearly  coupled.  Even  for  a  significant 
reduction  in  carbonate  coverage  the  reaction  inhibiting  blocking  of 
active  sites  may  be  maintained.  In  total,  H400  treatment  is  much 
less  efficient  for  carbonate  decomposition  than  annealing  in  02. 
Oxygen  assisted  carbonate  decomposition  was  found  to  be  active 
on  Au/Ce02  already  at  120  °C  in  recent  TAP  reactor  (temporal  anal¬ 
ysis  of  products)  measurements  [64].  This  result  in  combination 
with  the  results  of  the  kinetic  measurements  discussed  above  fully 
agrees  with  our  interpretation  that  stable  surface  carbonates  are 
the  main  reason  for  Au/Ce02  catalyst  deactivation  during  the  WGS 
reaction  also  at  300  °C  reaction  temperature.  Furthermore,  the  data 
indicate  that  the  bidentate  carbonates  have  little  effect  on  the  WGS 
activity  of  the  catalyst. 

During  the  WGS  reaction  following  the  reactivation  procedure, 
the  same  surface  species  appeared  as  observed  during  the  initial 
phase  of  the  reaction  on  the  freshly  prepared  catalyst  (for  0400 
reactivation)  or  before  the  reactivation  procedure  (for  H400  reacti¬ 
vation).  After  reaching  steady-state  conditions  for  the  reversible 
adsorbates  (COad,  formate,  bidentate  carbonates  (1294  cm-1)), 
their  intensities  as  well  as  the  C02,  intensity  decrease  again,  while 
that  of  other  carbonates  increases  with  time  for  all  catalysts.  Thus, 
deactivation  occurs  again  after  passing  the  gas  mixture  due  to  the 
build-up  of  carbonate  species  with  time. 

Liu  et  al.  [23]  and  Hilaire  et  al.  [24]  reported  similar  results. 
They  showed  that  catalyst  regeneration  by  calcination  in  air  at 
400  and  500  °C  completely  removes  the  carbonates  formed  on  the 
catalysts  (Pt/Ce02,  Pd/Ce02)  during  the  WGS  reaction.  Au/Ce02 
catalysts  were  reported  to  regain  more  than  95%  of  their  initial 
activity  for  the  WGS  reaction  at  240  °C  after  using  the  same  proce¬ 
dure  for  reactivation  as  initially  used  for  conditioning  of  the  fresh 
catalyst  (calcination  in  air  at  400  °C  with  following  reduction  in 
a  mixture  of  5%  H2/N2)  [22].  This  deactivation  was  related  to  the 
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Fig.  7.  DRIFT  spectra  recorded  after  1000  min  WGS  reaction  (bold  curve)  and  during  WGS  reaction  (fine  curves;  reaction  times:  0  s,  24  s,  48  s,  1  min,  5  min,  10  min,  30  min, 
60  min,  180  min)  after  reactivation  in  oxidative  atmosphere  (0400,  left  panel)  and  in  reductive  atmosphere  (H400,  right  panel)  on  a  4.5  wt.%  Au/Ce02  catalyst  in  idealized 
reformate  at  300  °C.  The  following  vibrational  regions  are  displayed  from  bottom  to  top:  OCO  region,  CO/CO2  region  and  C-H  region. 


formation  of  carbonate  species,  which  blocks  active  sites  for  WGS 
reaction  [22  ],  in  agreement  with  recent  results  for  reaction  at  180  °C 
[15,16]. 

In  total,  these  results  convincingly  demonstrate  that  also  at 
300  °C  reaction  temperature  the  deactivation  of  Au/Ce02  catalysts 
during  the  WGS  reaction  in  idealized  reformate  is  mainly  caused  by 
formation  of  stable  surface  carbonates.  By  comparison  with  previ¬ 
ous  assignments,  these  are  identified  as  monodentate  carbonates. 
These  species  either  block  active  reaction  sites  or  the  access  to 
these  sites.  Raising  the  reaction  temperature  from  180  to  300  °C  was 
not  enough  to  sufficiently  activate  the  thermal  decomposition  of 
these  surface  carbonate  species  during  the  reaction,  to  reach  lower 
steady-state  coverages  than  at  180  °C  reaction  temperature.  Instead, 
the  deactivation  is  even  more  pronounced,  and  also  the  monoden¬ 
tate  carbonate  coverage  is  significantly  higher  at  300  °C,  indicating 
that  the  increase  in  carbonate  formation  rate  with  temperature  is 
dominant.  For  further  experiments  one  should  note  that  carbonate 
decomposition  can  be  enhanced  by  oxygen  or  water,  which  is  not 
or  only  in  low  concentrations  present  in  this  reaction  mixture.  It 
would  be  worthwhile  to  test  whether  the  addition  of  water,  which 
is  present  in  high  concentrations  in  realistic  reformate,  and  which 
was  also  found  to  reactivate  the  catalyst  in  previous  reactivation 


measurements  [19],  results  in  a  decreased  deactivation  at  higher 
reaction  temperatures. 

4.  Conclusion 

We  have  investigated  the  effect  of  a  higher  reaction  temperature, 
300  °C  instead  of  the  previously  used  180  °C,  on  the  activity,  stabil¬ 
ity  and  deactivation  behavior  of  a  4.5  wt.%  Au/Ce02  catalyst  in  the 
WGS  reaction  in  idealized  reformate,  evaluating  also  the  influence 
of  different  pretreatment  procedures.  These  included  (reactive) 
annealing  of  the  catalyst  at  400  °C  in  inert,  oxidative,  or  reductive 
atmospheres,  or  a  combination  of  these  in  redox  procedures.  In 
addition  to  reaction  rate  measurements,  the  surface  composition 
and  the  nature  and  abundance  of  stable  adsorbed  reaction  inter¬ 
mediates  and  side  products  were  evaluated  by  ex  situ  XPS  and  in 
situ  DRIFTS  spectroscopy.  These  measurements  led  to  the  following 
conclusions: 

1.  The  increased  reaction  temperature  results  in  a  significant 
increase  of  the  reaction  rate.  Temperature  dependent  mea¬ 
surements  in  the  range  250-350  °C  reveal  a  linear  correlation 
between  In  rate  and  1/T.  This  yields  apparent  activation  ener- 
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gies  for  reaction  of  45  ±  2  kj  mol-1  after  oxidative  pretreatment 
and  50  ±  2  kj  mol-1  after  reductive  pretreatment.  These  values 
differ  slightly  from  the  40±2kjmol-1  determined  previously 
for  reaction  at  180  °C  under  similar  reaction  conditions  (reduc¬ 
tive  pretreatment).  The  differences  are  not  sufficient,  however, 
to  conclude  on  a  change  in  dominant  reaction  pathway,  though 
it  cannot  be  ruled  out  either.  A  similar  reaction  pathway  at  both 
temperatures  is  supported  also  by  DRIFTS  measurements,  which 
show  the  formation  of  similar  reaction  intermediates  and  side 
products  at  both  reaction  temperatures. 

2.  In  contrast  to  expectations,  the  deactivation  of  the  Au/Ce02  cat¬ 
alyst  does  not  decrease  with  temperature,  but  instead  is  more 
pronounced  at  300  °C  than  observed  for  reaction  at  180  °C. 

3.  The  pretreatment  conditions  have  a  considerable  effect  on  the 
reaction  behavior  of  the  Au/Ce02  catalysts.  Oxidative  pretreat¬ 
ments  lead  to  the  highest  activity  and  highest  tendency  for 
deactivation  (lowest  stability),  while  for  reductive  treatment  in 
H2  this  is  opposite.  This  agrees  with  findings  for  the  activity  for 
reaction  at  180  °C  on  a  2.7wt.%  Au/Ce02  catalyst,  while  for  the 
stability  the  trend  is  opposite. 

4.  The  pretreatment  has  significant  influence  on  the  nature  of  the 
Au  species.  After  reductive  pretreatment,  the  amount  of  Au° 
nanoparticle  is  highest  (H400:  73%,  CO400:  89%)  and  that  of  very 
small  Au0'  particles  and  Au3+  species  is  lowest.  After  oxidative 
pretreatment,  only  35%  of  the  XPS  accessible  Au  is  present  as 
Au°,  while  the  remaining  fraction  is  present  as  Au0'  (45%)  or 
Au3+  (20%),  respectively.  The  Ce3+  content,  in  contrast,  is  only 
little  affected  by  the  different  pretreatment  conditions. 

5.  With  ongoing  reaction,  the  differences  in  surface  composition 
(distribution  of  Au  states)  become  smaller  and  the  catalyst 
surface  develops  towards  a  steady-state  situation,  which  is  inde¬ 
pendent  of  the  pretreatment  procedure.  Similarly,  the  differences 
in  activity  of  the  differently  pretreated  catalysts  become  smaller 
with  time  on  stream. 

6.  For  all  catalysts,  the  deactivation  is  mainly  related  to  the  forma¬ 
tion  of  stable  monodentate  surface  carbonates  during  the  WGS 
reaction  at  300 °C,  similar  to  previous  findings  for  reaction  at 
180  °C.  Effects  from  sintering  of  the  Au  nanoparticles  or  overre¬ 
duction  of  the  support  are  small  or  negligible,  respectively.  The 
surface  carbonates  either  block  the  active  sites  for  reaction,  e.g., 
for  the  formation  and/or  decomposition  of  the  reaction  interme¬ 
diate,  or  they  block  the  access  of  these  intermediates  to  the  active 
sites. 

7.  In  contrast  to  reductive  reactivation,  re-conditioning  in  02  at 
400  °C  regains  95%  of  the  initial  activity  observed  on  the  freshly 
conditioned  catalyst  after  1000  min  reaction  at  300  °C.  IR  data 
show,  that  this  is  accompanied  by  complete  removal  of  all  surface 
carbonates  and  formates.  Reductive  reconditioning  at  400  °C,  on 
the  other  hand,  has  little  effect  on  the  activity,  and  monodentate 
surface  carbonates  are  only  reduced  in  coverage,  while  formates 
and  bidentate  surface  carbonates  are  also  removed.  This  sup¬ 
ports  the  above  identification  of  monodentate  surface  carbonate 
species  as  main  origin  for  catalysts  deactivation  during  the  WGS 
reaction  also  at  300  °C  reaction  temperature.  The  Au3+  and  Au0' 
contents  also  increased  during  calcination,  but  remained  clearly 
below  their  initial  values  on  the  freshly  conditioned  catalyst. 
This  leaves  an  assignment  of  these  species  as  rate  limiting  active 
species  and  deactivation  due  to  their  decreasing  availability  less 
probable. 
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